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1.0 INTRODUCTION 

This 1996 annual report describes the Blast Furnace Granular Coal Injection project 
being implemented at the Bums Harbor Plant of Bethlehem Steel Corporation. The 
project is receiving cost-sharing fro? the U.S. Department of Energy (DOE), and is 
being administrated by the Morgantown Energy Technology Center in accordance with 
the DOE Cooperative Agreement No. DE-FC21-9lMC27362. 

This installation is the first in the United States to use the British Steel technology’.’ 
for granular coal injection in blast furnaces. The project is to assess a broad range of 
technical issues associated with the use of coal for injection into blast furnaces. To 
achieve the program objectives, the project is divided into the following three Phases: 

Phase I - Design 
Phase II - Construction and Start-Up 
Phase III - Operation 

Preliminary Design (Phase I) began in 1991 with detailed design commencing in 1993. 
Construction at the Bums Harlxx Plant (Phase II) began in August 1993 and was 
completed at the end of 1994. The facility start-up was carried out from January to 
October, 1995. The demonstration test program (Phase III) began in November 1995. 

2.0 BACKGROUND 

Bethlehem Steel Corporation’s Bums Harbor Plant operates two blast furnaces which 
produce molten iron in support of steehnaking operations. The furnaces are fueled 
with coke as part of the raw materials charged through the top of the furnace. The 
coke was previously supplemented by natural gas injected along with the combustion 
air through ports (tuyeres) near the base of the furnace. Each furnace produces about 
7C00 tons per day of molten iron. 

Because of the uncertainty of the long-term supply and cost of natural gas, Bethlehem 
submitted a proposal in response to DOE’s Cm-1lI solicitation to demonstrate the 
conversion for, optimization of, and commercial performance characteristics of 
granular coal as a supplemental fuel for steel industry blast furnaces. Operating blast 
furnaces with coal injected directly through the tuyeres into the combustion zone as a 
supplemental fuel will result in reduced coke consumption, and thereby, decrease the 
environmental emissions associated with cokemaking. The environmental problems 
normally associated with the combustion of coal will also be virtually eliminated by 
direct injection of coal into the blast furnaces as the potential contaminants, e.g., 
sulfur, are captured in the blast furnace slag. 
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Economic benefits will be realized by the reduced demand for coke, the primary blast 
furnace fuel, and for natural gas and oil, the “conventional” supplementary fuels. 
Presuming that: (a) the granular coal injection system can be successfully operated at 
rates of several hundred pounds of coal injected per net ton of hot metal (liquid pig 
iron produced by the blast furnaces), and that (b) costs for the competing supplemental 
fuels, natural gas and oil, escalate in a manner projected by the U.S. Department of 
Energy (DOE), then the annual operating cost savings should make this an attractive 
investment as well as a technical advancement. 

Bethlehem’s Blast Furnace Granular Coal Injection System Demonstration Project was 
one of 13 demonstration projects accepted for funding in the Clean Coal Technology 
Program third round of competition. A cooperative agreement with a total estimated 
cost of $143,800,000 was awarded to Bethlehem on November 26, 1990. Under this 
cooperative agreement, Bethlehem would provide 78.3 percent of the total funding 
requirements for the demonstration project with the DOE providing the remaining 21.7 
percent. As project details were refined, the cost estimate was increased from 
$143,800,000 to $190,650,000. Major project milestone dates are shown in Figure 1. 
Additional details on the project were presented at the 1993, 1994, 1995 and 1996 
Clean Coal Technology Conferences.‘“,5s6 

3.0 PROJECT TEST PLAN 

The objective of the test program is to determine the effect of coal grind and coal type 
on blast furnace performance. The start-up operation was conducted with a high 
volatile coal from eastern Kentucky with 36% volatile matter, 8% ash and 0.63% 
sulfur. The coal preparation system has been operated to provide granular coal with 
nominal size of 30% minus 200 mesh (74 microns). 

A nial will be conducted to determine the effect of using pulverized coal with a 
nominal size of 80% minus 208 mesh. The results of this trial will be of great interest 
to blast furnace operators and could have a significant effect on the type of coal 
injection facilities that will be installed in the future. 

Another series of trials will be conducted to determine the effect of coal types and 
coal chemistry on furnace performance. The important furnace performance 
parameters that will be closely monitored during these trials are coke rate, raw 
material movement in the furnace, pressure drop in the furnace, gas composition 
profiles, iron analyses and slag analyses. All results of the blast furnace hials will be 
evaluated and documented in a comprehensive report. 
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4.0 CONSTRUCTION ACTIVITIES 

Construction of the Coal Injection Facility was completed in December 1994 and the 
first coal was injected into D furnace on December 18. Modifications to the facility 
continued throughout 1995 while the operation continued. Early 1995 was particularly 
difficult as the coal injection rate was ramped up and the coal grinding system was 
required to deliver more coal. The difficulties in the early part of the year were the 
usual start-up type problems and none of the facility modifications resulted in a 
change to the basic granular coal injection concept or the facility flowsheet. 

In early December 1995, coal handling and preparation problems were experienced as 
a result of cold weather. Moisture condensation in the prepared coal silos caused coal 
to build-up on the silo walls and also caused blocked injectors. These problems 
became so severe that coal injection was stopped in mid-December in order to rectify 
the situation. The coal silos for C furnace were cleaned and insulated to eliminate the 
moisture condensation. The same procedure was followed for the D furnace silos in 
January 1996. This work greatly improved the product coal flow to the injectors and 
full operation of both mills and full utilization of the system on both furnaces began in 
mid-January 1996. 

A brief description of the facility modifications made during 1996 is in the Appendix. 

5.0 BLAST FURNACE OPERATIONS 

The granulated coal injection facility at Bethlehem Steel’s Bums Harbor blast furnaces 
has been operating since January 1995. The effects on the furnace operation with 
granulated coal as the injected fuel has been very different than the previous 
experience at the blast furnace when natural gas was used as the auxiliary injected 
fuel. During 1995 a smooth transition from natural gas to coal was accomplished even 
while major modifications were made to the coal preparation facility. By mid-1995 
the coal preparation and delivery systems were operating as designed. The injection 
rate on C furnace was increased through the summer months and was over 200 lbs/ton 
for September, October and November. The injection rate on D furnace was kept in 
the range of 145-150 lbs/ton during the second half of 1995. The facility started up 
with high volatile coal but during the latter part of 1995 low volatile coal was 
successfully used, five different low volatile coals were evaluated. The experience 
with the low volatile coals led to the exclusive use of low volatile coal during 1996. 
Successful operating practices were also developed during 1996 in order to reach 
higher levels of coal injection and lower coke rates than during the previous year. 
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Much progress was made during the year on both C and D furnace, particularly with 
respect to the amount of coal injected per ton of hot metal and the resulting furnace 
coke rate. Figure 2 shows the yearly average coal and coke usage for C furnace in 
1995 and the monthly increases during 1996. The “54 NW in 1995 indicates that 54 
pounds/NTIiM of natural gas was injected during the year. Slightly more than 100 
pounds/NTI-IM of coal was injected on C furnace in 1995 with a coke rate of 770 
pounds of coke/NTHM. The chart shows steady increases in coal and dramatic 
decreases in the coke rate throughout 1996. The keys to this progress were 
development of successful operating practices and the use of low volatile coal. Coke 
rates were sustained on C at levels well below 700 pounds/NTHM. Figure 3 shows 
much the same result on D furnace but at lower levels of injected coal. 

Tables 1A and 1B show the C furnace monthly operating data for 1996. Tables 2A 
and 2B show the monthly data for D furnace. 

The sustained use of granulated low volatile coal during 1996 for both furnaces is 
discussed in the following as well as the operating practices developed during the year. 
In addition, coal/coke replacement values, furnace refractory temperatures, thermal 
loads and refractory wear during the period are reviewed. 

5.1 FURNACE OPERATING CONDITIONS 

The C and D blast furnaces at Bethlehem’s Bums Harbor Plant are medium sized 
furnaces with hearth diameters of 38.25 and 35.75 feet, respectively. The working 
volume of C furnace is 88,838 cubic feet and D furnace has a working volume of 
84,456 cubic feet. Both furnaces have twenty eight tuyeres, a two taphole casthouse 
configuration and a conveyor fed raw material charging system. The furnace top, a 
two bell IHI design, is the same on both furnaces. This top has rotational distribution 
capability but it has limited capability for changing the radial distribution of the raw 
materials. Prior to the C furnace reline in 1994, the two furnaces were approximately 
identical. However, during the reline period C furnace was enlarged slightly and the 
refractory cooling system was upgraded to a high density plate cooling configuration. 
The bosh and mantle regions of both furnaces utilize stave cooling, however, the 
furnace stack region on C furnace has closely spaced cooling plates. The stack 
cooling plates on the D furnace are not as closely spaced. The heavily cooled C 
furnace was specifically designed for the rigors of coal injection and to provide 
increased production capability compared to D furnace. 

In December 1995, severe cold weather caused coal handling and preparation problems 
that were not experienced during the milder months of the year. The most severe 
problem was due to moisture condensing on the inside walls of the prepared coal silos. 
As a result, coal injection on C furnace was stopped in mid-December. 
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The C furnace operation returned to normal on January 5, 1996, when natural gas, 
used during December when alterations were being made to the product coal silos, was, 
replaced with granulated coal. The coal rate was quickly increased to approximately 
250 pounds/NTHM. The ensuing three months of the period were consistent and 
stable. Coke rates remained well below 700 pounds/NTHM despite the steady 
reduction in the sinter portion of the furnace burden. Sinter was reduced on both 
furnaces during February and March and put to stock in anticipation of a sinter plant 
repair outage. 

The D furnace operation remained consistent throughout the first quarter except for 
eight days in mid-January when the product coal silos were insulated and gas and coal 
were coinjected. Coal rates were increased during each successive month and coke 
rates were reduced. 

The reliable operation of the coal preparation and injection equipment during the 
second quarter of the year allowed incremental increases in the injected coal rate on 
both furnaces. More importantly, operator confidence in the coal system led to coke 
rate reductions on the furnaces to new low levels. Major operating conditions 
remained consistent. The largest change that occurred was an increase in burden sinter 
percentage when the sinter plant repair was completed. 

The coal rate on C reached 272 pounds/NTHM in June with a record low coke rate of 
660 pounds/NTHM. The D furnace operation was consistent during this time. 
Injected coal rates were maintained at 185-198 poundsNTHM and coke rates were 
reduced. The June coke rate of 712 poundsNIHh4 on D furnace was also a record 
low. 

The D furnace operation was characterized by increased hot metal production. 
Production increased from 6510 hrlXM/day in April to 6772 NTHhUday for June. 
This was accomplished by increased wind volume in June and slight increases in 
oxygen enrichment. 

The coal injection rate on the C furnace remained relatively constant for each month 
during the third quarter. The average monthly injection rate ranged from 269 - 274 
pounds/ND&l. The furnace coke rate declined each month during the quarter, 
primarily due to an increase in hot blast temperature from 2074’ F in July to 2090’ F 
in September. On D furnace the injected coal rates increased slightly each month. In 
August and September the coal rate for D exceeded 200 pounds/NTHM for the first 
time since the coal injection facility start-up. The furnace coke rate was reduced as 
the coal was added. 



6 

Major operating conditions, on a monthly average basis, remained consistent for each 
furnace during the third quarter. However, the monthly average furnace delay time 
was high during July and September on both furnaces. This is shown on the summary 
of operations, Tables 1B and 2B. The average delay time on C furnace through the 
first six months of the year averaged 42 minutes; on the D furnace the average was 55 
minutes. In July and September the delay rates on C were 106 and 75 minutes, 
respectively. On D furnace the delay rate in September was 79 minutes. In addition, 
the frequency of unscheduled delays was greater than normal on both furnaces during 
these months. Furnace delays are noted as the average amount of time that the 
furnace is not operating during the month. A major contributing factor to the 
increased delay time and frequency, particularly in September, was the large number 
of tuyere failures on both furnaces. In September, twenty-one tuyeres failed on C and 
seventeen tuyeres failed on D furnace. 

The coal injection rate on C furnace during October and November was stable at 264 
and 261 pounds/NTHM. The furnace coke rate was also constant at 661 and 665 
pounds-, respectively. In December the coal rate increased to 274 
pounds/NTHM and the coke rate increased slightly to 668 pounds/hTHM. The major 
furnace operating variables were relatively constant during the fourth quarter. 

The monthly average coal rate on D furnace, previously about 200 pounds/NTHM, 
decreased during November and December to 192 and 181 pounds/A-DIM. However, 
the decrease was due to the removal of all coal from the furnace on November 30 - 
December 3 due to a furnace outage that was unrelated to coal injection. With the 
return to normal operation, the coal rate was approximately 200 poundsiNTHM. 
Average operating conditions on D during the quarter, disregarding the four day 
cessation of coal injection, were reasonably constant. 

Although the major operating variables on C furnace were constant, the permeability 
factor, an indicator of burden conditions and operational stability, declined steadily 
during the period to a yearly low value of 1.13. Conversely, the permeability on D 
furnace increased during the same period to yearly high values. Figure 4 shows a plot 
of the average monthly permeability value for each furnace in 1996. 

Significant and notable changes were made to the blast furnace operation during the 
fourth quarter reporting period. The changes made and the affect on the furnaces are 
as follows: 

Coke Size 

On November 5, the size of coke charged to the furnaces was increased. Larger 
screen decks were installed at the coke oven screening station. Furnace coke size was 
increased from to +3% inch to +1-G inch. The nut coke size was changed from % by 
‘4 inches to 1-G by 1% inches. This change was made to increase the permeability of 
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the burden column on both furnaces. The larger size coke in the coke layer portion of 
the charge should decrease the resistance of the burden to the reducing gas flow 
through the furnace. Operationally, an increase in permeability results in a decrease in 
blast pressure at a constant wind rate and provides a more stable operation. 

Permeability is calculated from the blast rate, blast pressure and top pressure. The 
equation is: 

Permeability = (Furnace Wind Rate)’ /[(Furnace Blast Pressure)’ - (Furnace Top 
Pressure)*] 

The larger the permeability number the better the furnace burden movement and the 
better the reducing gas flow through the furnace column. 

The C furnace permeability value, after steadily increasing from February to August, 
declined during the last quarter despite the increase in coke size. 

Confounding this analysis of coke size and it’s affect on permeability is the fact that 
the permeability on D furnace has increased substantially during the same period as 
the decline on C. The values on D during the fourth quarter represent yearly high 
values while on C we observe a yearly low value in December. 

Coke Oven Coal Mix Chance 

On November 18 a major coal blend change was made at the coke plant. The coke 
produced from this change was on both furnaces during the entire month of December. 
The monthly average coke stability remained the same in December with the new 
blend compared to the old blend during October. Based on the stability and coke 
chemistry data, it appears that this coal change had no affect on furnace performance 
during the quarter. 

In addition to these changes to the furnace operation, other operating practices evolved 
during the year. Table 3 shows the C furnace operating progression from natural gas 
in January 1995 to the use of high volatile coal in September 1995 and finally to the 
use of low volatile coal in July 1996. The moisture addition and oxygen enrichment 
levels have been highlighted to demonstrate the changes that were made over time to 
enhance the operation. Oxygen use increased from 24.4% with natural gas to 26.2% 
with high volatile coal and settled at 26.6% with low volatile coal. Steam additions 
also increased from 3.7 grs/SCF with gas to 16.3 grs/SCF with low volatile coal. 

The success of these operating changes during 1996 are evident in the furnace coke 
rates shown in the table. The coke rate has been reduced dramatically compared to 
the experience with natural gas and from the use of high volatile coal. 
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5.2 FURNACESULFURBALANCE 

Blast furnace slag chemistry and volume is a determining factor in the final sulfur 
content in the hot metal. The blast furnace slag must be of such a chemistry that it 
can catry the sulfur ,supplied by the burden material, including the sulfur contributed 
by the injected coal. Injected coal is the second largest contributor of sulfur to the 
blast furnace process. The blast furnace slag is the largest output variable for the 
sulfur. Changes in slag chemistry would be apparent should there be a significant 
change in the chemistry of the injected coal. 

The primary sulfur inputs for the furnace are the furnace coke and the injected coal. 
There are secondary sulfur input materials that do contribute an appreciable amount of 
sulfur compared to the total. The primary outputs for the sulfur are the hot metal and 
the slag. Secondary outputs are the flue dust and filter cake waste products of the 
process. All of the sulfur input materials are accurately weighed as is the quantity of 
hot metal. The blast furnace slag quantity, pounds/NTHM, is a value that is calculated 
from the raw material input weights. Flue dust and filter cake quantities are based on 
the number of trucks filled with each material on a daily basis. The filter cake from 
both furnaces is collected at a central location. Therefore, for this balance, the total 
quantity has been apportioned based on the ratio of hot metal production for each 
furnace. 

The blast furnace also produces large quantities of gas. The gas exits the top of the 
furnace, is cleaned and used as a fuel in the hot blast stoves and for boiler underfiing. 
Special gas sampling and testing during October.1996 shows an average of 3.1 grains 
of sulfur per 100 scf during the month. Table 4 shows the sulfur balance on C 
furnace during the month of October 1996. The balance shows a reconciliation of the 
furnace sulfur input to output of 99.2%. 

5.3 COKEREPLACEMENTANALYSIS 

The quantity of furnace coke that is replaced by an injected fuel is an important aspect 
of the overall value of the injectant on the blast furnace process. A detailed analysis 
of the furnace coke/granulated coal replacement value for the C and D furnaces at the 
Bums Harbor Plant was completed after the second quarter. 

The replacement ratio for a blast furnace injected fuel is defined as the amount of 
furnace coke that is replaced by one pound of the injectant. However, there are many 
furnace operating factors, in addition to the injectant, that affect the reported coke rate. 
In order to calculate an accurate value for the injected coal’s role in the process, all 
other blast furnace operating variables that result in coke rate changes, positively or 
negatively, must be accounted for. After accounting for coke changes caused by all 
variables other than the coal, we attribute the remaining coke difference to the injected 
coal. 
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This evaluation uses monthly average furnace operating results compared to an 
appropriate base period for each furnace to develop the replacement ratio. This 
evaluation included twenty five months of data on both furnaces from June 1995 
through June 1996 on C furnace and April 1995 through June 1996 on D furnace. 
The more monthly operating data available, the more accurate and appropriate the 
replacement value determination will be. 

The corrected furnace coke rate and the amount of coal injected were used for a linear 
regression analysis of the twenty five sets of data from the C and D operation. Figure 
5 shows the results of the calculations. The slope of the best fit line is the 
replacement value of the injected coal. This indicates that one pound of coal replaces 
0.96 pounds of coke. 

During the twenty five months of this initial evaluation, there were some isolated 
instances of no coal injection and extensive furnace repair periods which have not 
been deleted from the monthly data. In addition, five different coals were used during 
these months and each coal had different chemical and physical characteristics. The 
period of usage of these five coals was such that there was not enough time to make 
individual coal evaluations. 

After 1996 additional coal/coke replacement evaluation work was done. This 
evaluation was performed with 1996 data and with only low volatile coal. 

The same rationale for determining the adjusted coke rate was used for this analysis. 
February 1996 was used for the base month calculations on both furnaces. January 
was eliminated from the analysis due to the use of a small amount of natural gas on 
each furnace. Therefore, the linear regression comprises twenty data points, ten 
months for each furnace. 

The results of the regression for the low volatile coal is shown in Figure 6. This 
indicates that one pound of coal replaces 1.07 pounds of coke. These results are 
significantly better than the original analysis. More importantly, the furnace coke rate 
achieved with the exclusive use of low volatile coal on each furnace is lower than the 
coke rates in Figure 5. 

5.4 FURNACE THERMAL CONDITIONS AND LINING WEAR 

Thermal conditions on both furnaces have changed significantly with the use of coal 
injection compared to natural gas injection. The Thermal Load System is Used at 
Burns Harbor as an indication of the gas flow conditions within the furnace. 
Refractory temperatures and calculated thermal loads increase as the reducing gases 
formed at the tuyere ascend and move along the refractory lined furnace walls. A loss 
of central gas flow, indicated by a decrease in permeability, causes more gas flow to 
be diverted to the furnace wall. The loss of central flow is also indicated by an 
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increase in refractory temperature and thermal loads. Refractory wear is related to gas 
wall flow, refractory temperature and thermal loads. In general, we would expect an 
increase in refractory wear with significant increases in thermal loads. 

Refractory temperatures and thermal load values should gradually increase as a furnace 
campaign continues. High refractory wear is often attributed to brick fracture as a 
result of rapid and sudden temperature changes. Large monthly increases or decreases 
in thermal loads are possibly deleterious to furnace refractories. The goal is to 
stabilize the operation and reduce the magnitude of fluctuations of the thermal loads. 

C Furnace 

Figure 7 shows the inwall refractory temperatures at four elevations on C furnace for 
1996. The thermocouples are embedded in the refractory lining of the furnace at 
various brick depths. The general trend during the year has been a reduction in 
average temperatures. 

The thermal load data for C furnace during 1996 is shown on Figure 8. The thermal 
load values remained constant during the first three months of the year despite higher 
coal injection rates. Beginning in April, however, the thermal loads started to 
increase. During April, May and June most of the thermal loads at each elevation 
increased. The increases were most apparent at rows 1 l-20. Each monthly increase at 
this row was statistically significant. This location is a furnace elevation that has 
come under scrutiny as an area of high refractory wear as welJ as the highest thermal 
load location on the furnace. The variability of the thermal loads between the eight 
measured quadrants do not usually result in monthly statistically significant value 
differences. The increases during this period correspond to the measured refractory 
lining loss that occurred on the furnace. The refractory loss and the injected coal rate 
during this period and for the year at row 11 and 15 are shown in Figure 9. 

In July the thermal loads, although remaining higher than during the first three months 
of the year, began to decrease. During the remainder of 1996 the monthly increase or 
decrease at each elevation was less. Also, as seen in Figure 9, the refractory thickness 
on C furnace was more stable during the last half of the year. 

D Furnace 

Figure 10 shows the inwall refractory temperatures on D furnace during 1996. These 
inwail refractory temperatures remained steady during the first three months of 1996 
and the calculated thermal loads throughout the furnace, shown in Figures 11, 12 and 
13, were also steady. This is encouraging since the highest amount of coal during the 
fast quarter was 179 pounds/NTHM, and occurred in March 1996. 


